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Abstract 
Corrosion pits are a form of geometrical discontinuity that lead to stress and strain concentration 
in engineering components, resulting in crack initiation under service loading conditions and 
ultimately fracture and failure. Initiation and propagation of cracks in offshore pipelines can lead 
to loss of containment and environmental and commercial impacts. In order to prevent such 
failures, tools to predict the structural integrity of pipelines need to be improved. This work 
investigates the fatigue behaviour of corrosion pits in API-5L X65 grade steel pipeline utilising 
numerical and analytical methods. Firstly, load-controlled fatigue tests were carried out on 
smooth X65 steel samples to establish S-N data. Secondly, local stress-strain behaviour at 
corrosion pits and its effect on fatigue crack initiation were investigated using elastic-plastic 
finite element analysis of samples containing a single corrosion pit under cyclic loading. 
Analysis of stabilised stress-strain hysteresis loops at corrosion pits showed that the local stress 
ratio at the pit changes from 0.1 to -0.4 while the applied stress amplitude increases with the 
same stress ratio of 0.1. Analytical methods were also used to predict the local maximum stress 
and strain at the pit, which showed a similar local stress ratio to the finite element analysis result 
but lower stress and strain ranges.  Finally, fatigue crack initiation life was predicted using the 
combination of FE stress and strain analysis and the Smith-Watson-Topper (SWT) strain-life 
approach. An advantage of this method for life estimation is that this approach considers the 
local stress and strains at corrosion pits rather than applied stress.  
Keywords:  corrosion pit, crack initiation life, finite element analysis, cyclic plasticity, fatigue 
life prediction, X65 steel pipelines  
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Nomenclature 
 
 
a Pit depth 
a/2c Pit aspect ratio 
a  Material constant 
b  Fatigue Strength Exponent 
C  Fatigue Ductility Exponent 
c Half of pit width  
E  Elastic modulus 
E1 Percentage Elongation 
K , K   Monotonic and Cyclic Strength Coefficient 
Kf , tK  Fatigue notch and stress concentration factor 
fN  Number of cycles to failure  
iN  Number of cycles to crack initiation  
n , n  Monotonic and Cyclic strain Hardening Exponent 
r Pit radius 
t Plate thickness 
LYS , UYS , SY   Lower, Upper and Cyclic Yield Strength 
S ,   Applied and Local stress range 
  Local strain range 
f  , f   Fatigue Ductility and Fatigue Strength Coefficient 
e  Fatigue limit  
f , UTS  True Fracture and Ultimate Tensile Strength 
mσ , max  Mean and Maximum stress 
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1. Introduction 
Corrosion pits are a form of geometrical discontinuity that leads to stress and strain concentration 
in engineering components. As a result, cracks are more likely to initiate from corrosion pits 
under cyclic loads. Offshore pipelines are subjected to cyclic loadings caused by sea waves, 
seabed movements and fluctuations in internal pressure [1]. Although carbon steels can be prone 
to localized forms of corrosion such as pitting in oil and gas production environments, they are 
commonly used for pipelines [2]. The consequences of fatigue crack development from 
corrosion pits can be serious, as the failure of offshore components can have serious safety, 
environmental and financial implications. Localized corrosion is cited as a primary factor in most 
of the failures reported by the oil and gas industry [2,3]. A more reliable fatigue life prediction 
model would result in an improvement in maintenance and inspection scheduling, in addition to 
the potential for further cost reductions due to fewer failures and increased operational safety.  
It is understood that pitting corrosion fatigue life comprises several stages, viz. pit initiation, pit 
growth, crack initiation, short crack growth and long crack growth [4,5]. The definition of crack 
initiation has been a subject of debate for many years and thus far there is no universal 
consensus. Although some workers have defined crack initiation as the stage that newly formed 
cracks reach dimensions of the order of the grain size [6], most approaches that attempt to model 
corrosion fatigue focus on the crack propagation stage rather than crack initiation [7]. Available 
models used to predict the fatigue crack initiation from corrosion pits [5,8–12] are based on the 
transition criterion, which is defined using long crack growth rate data and linear elastic fracture 
mechanics (LEFM). These prediction models assume pits as small cracks and use LEFM criteria 
to predict long crack. This approach neglects the short crack initiation life, which should not be 
neglected especially in the high cycle fatigue regime [13]. Limitations in applying this criterion 
to short crack initiation from pits mean that determining a criterion for short crack initiation from 
a pit remains a major challenge [14]. The proposed model in this paper does not assume pits as a 
short crack, but rather as a notch, i.e. a stress concentration site.  
Under cyclic loads, it is understood that notches often deform plastically and the short crack 
initiates from the plastically deformed zones [6,15]. However, research on the pit-to-crack 
transition has been mostly restricted to considering plastic deformation around the pit, because 
the available models to predict crack initiation from corrosion pits assume corrosion pits as a 
crack. Consequentially, these approaches are based on stress intensity factor considerations and 
the LEFM concept, which is applicable only when small scale yielding is assumed. As the 
embryonic corrosion pit size is of the scale of microstructure and the level of stress is high, 
small-scale yielding and linear elastic assumption may be unrealistic for the purpose of 
estimation of the crack initiation from corrosion pits. The size of the plastic zone around the 
notch may be similar to the dimensions of the microstructure and hence short cracks interact with 
the microstructure. It follows that fatigue crack initiation is controlled by local stress at the notch 
root, and stress intensity factor is not the controlling driving force for crack initiation since the 
size of notch plastic zone and the microstructure are more significant for short crack initiation 
[6]. Clearly, fatigue life is more reliably estimated if using predictive models for both the crack 
initiation and crack propagation stages. In order to provide a more accurate prediction of the 
initiation phase, local stress field or cyclic strain approaches are of interest [1]. 
Pit-to-crack transitions under static loading have been investigated numerically and 
experimentally in previous studies [4,16–24]. However, in spite of the importance of cyclic 
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loading in reducing the life of components, the variation of local stress around corrosion pits 
under fatigue loading and its influence on fatigue life prediction have not been established.  This 
issue constitutes a significant knowledge gap in the understanding of the pit-to-fatigue crack 
transition process. Understanding the mechanism involved in this transition and the initial 
development of the crack has potential to improve the prediction of fatigue life [25]. In 
reviewing the literature, it became apparent that no previous work was performed on finite 
element analysis (FEA) of corrosion pits under the cyclic loading. 
One approach for the improved prediction of crack initiation is to account for the elastic-plastic 
behaviour of materials and derive the local stress and strain behaviour at corrosion pits. 
Moreover, accurate calculation of stress and strain values could provide additional information to 
assess the influence of mechano-electrochemical effects on the pit-to-crack process and 
corrosion /corrosion fatigue in general [26]. The combined influences of mechanical and 
chemical/electrochemical effects (hereafter termed mechano-electrochemical effects) have been 
studied since the beginning of the 19th century [27]. Previous studies have focused on stress 
corrosion cracking, corrosion fatigue [28] and hydrogen-induced cracking [29]. Despite the 
wealth of theoretical and empirical models and experimental data, there is no consensus on a 
general model to describe the synergistic effects of either elastic stress or plastic strain on 
electrochemical and corrosion processes.  
In general, the influence of elastic stress on corrosion may vary significantly but is limited in 
magnitude for a given alloy-environment combination. The observed mechano-electrochemical 
effect is likely to be a combination of change in surface physical properties, microstructural 
heterogeneity and the deformation of oxide film induced by the external loading. By contrast, the 
influence of plastic strain is comparatively more significant and primarily related to the 
production of dislocations, leading to enhancement of the anodic dissolution reaction at the alloy 
surface [30] and often enhancement of the hydrogen evolution reaction [31].  
In the present study, the stress and strain behaviour of typical corrosion pits in X65 steel under 
cyclic loading is investigated, taking into account the effect of plastic deformation on the pit-to-
fatigue crack transition. This aim is achieved by applying the elastic-plastic material model in FE 
simulations. The results are compared with two analytical models known as the Neuber’s rule 
and Glinka's rule. These two analytical tools are commonly used as notch stress and strain 
models when material at the location of maximum stress is not anticipated to behave elastically 
[32–34]. To the best of our knowledge, these analytical procedures have not been used in the 
study of corrosion pits in the open literature. Moreover, the detailed local Finite Element 
Analysis (FEA) of corrosion pits helped predict the corrosion pit behaviour based on its local 
stress ratio.  
Since the pit-to-fatigue crack transition life can have a considerable impact on the total fatigue 
life [35], the transition time is investigated in this paper. The work presented herein describes a 
novel work scope to determine the pit-to-fatigue crack transition lifetime, using FEA and the 
Smith-Watson-Topper (SWT) equation [36]. The SWT equation can be used to predict the 
initiation of small cracks of the order of 1mm from notches [15]. However, no previous study has 
used this approach to investigate the pit-to-fatigue crack transition life. The proposed method 
described in this paper can improve the life estimation.  
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2. Material and specimens  
The material of interest in this study is seamless API-5L X65 grade pipeline steel. The material 
was provided by the industrial sponsor. The chemical composition was obtained by optical 
emission spectroscopy at The Welding Institute (TWI Ltd.) and the mechanical properties 
obtained from the literature [37], both of which are shown in Tables 1 and 2 respectively. 
Although the composition of the steel used in this work is not exactly the same as that given for 
X65 steel in Ref. [37], the difference does not affect the mechanical properties of the material.  
Table 1: Chemical composition of API-5L X65 steel (mass %). 
C Si Mn Mo Cr P Cu S Ni V 
0.06 0.11 1.38 0.21 0.27 0.01 0.027 0.002 0.022 0.053 
 
Table 2:  Mechanical properties of API 5L-X65 steel [33].  
Monotonic load  Cyclic load 
Elastic modulus, E (GPa) 211.33±0.6 
 Fatigue Strength Coefficient, f 
(MPa) 
801.8 
Upper Yield Strength, UYS (MPa) 520±2  Fatigue Strength Exponent, b  -0.068 
Lower Yield Strength, LYS (MPa) 516±4.4  Fatigue Ductility Coefficient, f    0.372 
Ultimate Tensile Strength, UTS  
(MPa) 
614±3.4 
 
Fatigue Ductility Exponent, C  -0.584 
Percentage Elongation, %E1 15.72±0.9  Cyclic Yield Strength, SY  (MPa) 420 
Strength Coefficient, K (MPa) 910±8.05 
 Cyclic Strength Coefficient, K 
(MPa) 
923 
Strain Hardening Exponent, n  0.127 
 Cyclic Strain Hardening Exponent, 
n   
0.118 
True Fracture Strength, f (MPa) 1034    
 
The stress-life curve (S-N) is generally adopted for high cycle fatigue regions. The relationship 
between stress amplitude and the number of cycles to failure (S-N) at a stress ratio of -1 was 
obtained by substituting the cyclic mechanical properties of API-5L X65 steel ( f  , fatigue 
strength coefficient and b , fatigue strength exponent) from Table 2 into equation 1 [15]. At a 
stress ratio of 0.1, this relationship was also estimated by using the Gerber equation (Eq. 2) and 
equation 1. The Gerber equation [15] is one of the widely used empirical relations in fatigue 
analysis and takes account of the mean stress effect, which is expressed in terms of the R ratio in 
S-N data. Experimental results shown in Figure 2 indicate good correlation with the values 
determined using the approach outlined above. Minor differences can be explained by the effect 
of sample size.  
b
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There is a paucity of published data on the cyclic mechanical behaviour of X65 steel, therefore to 
assess the relationship between applied stress amplitude and the number of cycles to failure (S-N 
curve) in X65 steel, load controlled fatigue tests were carried out.  Flat smooth specimens were 
designed in accordance with ASTM E466 (Figure 1a) and machined from the longitudinal length 
of the pipes provided by the industrial sponsor (Figure 1b). The seamless pipe had an outer 
diameter of 273mm and wall thickness of 29mm. Only parent material remote from the girth 
weld was used in the present study. The surface of all specimens was ground with papers to a 
4000 grit finish and polished longitudinally with 3µm diamond to eliminate the effect of residual 
stress and surface roughness on fatigue behaviour.  
 
 
 
(a) (b) 
Figure 1:  a) Test specimen geometry and dimensions (mm), b) Schematic of test sample 
direction extracted from a seamless pipe with the outer diameter of 273mm and the wall 
thickness of 29mm. 
 
Six smooth specimens were tested using sinusoidal tension-compression cyclic loading (stress 
ratio of -1) at a frequency of 10Hz and different stress amplitudes in the range 200MPa to 
280MPa. A servo-hydraulic fatigue testing machine with a load capacity of 50KN was used. In 
order to avoid excessive machine times, tests were terminated at 2.5×10
6
 cycles in the absence of 
specimen failures (‘run-outs’), as indicated in Figure 2. For the purpose of mean stress 
consideration on the S-N curve, force-controlled fatigue tests were carried out on 3 samples 
under a sinusoidal wave tension-tension cyclic loading (stress ratio of 0.1) at the frequency of 15 
Hz by using a 30kN servo-hydraulic fatigue testing machine. The applied stress amplitude levels 
ranged between 198MPa and 230MPa. For these series of tests, run-outs were designated at 10
7
 
cycles (see Figure 2). Using the same test condition, fatigue tests were undertaken also on four 
pre-pitted samples. A corrosion pit was created on the centre of each sample, prior to starting the 
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fatigue tests, by using VersaScan electrochemical instrument and standard methods. Table 3 
shows the size of the pit on each sample. All the fatigue tests were carried out in the air at 
ambient temperature (21°c). The fatigue test methods were performed in accordance with ASTM 
standard E468-11 and alignments conducted as based on ASTM E606 prior to starting the test. 
Figure 2 shows that the results of experiments are close to the estimated S-N curve in both tested 
stress ratios (for a given life, the relative error in stress amplitude lies in the range 0-11%), 
therefore the estimated S-N curve can be a representative of tested X65 steel and is used in future 
sections.  
 
Table 3: Pit geometries created on each fatigue tests sample. 
Sample Number Depth, a (mm) Pit width, 2c Aspect Ratio, a/2c 
1 0.0763 0.6 0.13 
2 0.0851 0.676 0.13 
3 0.0344 0.271 0.13 
4 0.0674 0.608 0.11 
 
 
Figure 2: Stress-life (S-N) curve for X65 steel used in R= -1 and R= 0.1. Arrows indicate run-out 
tests. 
 
 
0
50
100
150
200
250
300
350
400
450
500
1.E+05 1.E+06 1.E+07
S
tr
es
s 
a
m
p
li
tu
d
e 
(M
P
a
) 
No of Cycles to failure  
R= -1, Estimated based on Eq. 1
R= -1, Experiments
R= 0.1, Estimated based on Eq. 1 and 2
R= 0.1, Experiments
IMechE, Part C: Journal of Mechanical Engineering Science  
 
8 
 
3. Cyclic stress-strain analysis  
3.1. Finite Element Analysis (FEA)  
Due to the costs associated with extended test programmes and availability of increased 
computing power, FEA is fast becoming a key tool in structural integrity studies, in particular at 
the design stage prior to material testing. Recently, there has been interest in evaluating stress 
and strain in corrosion pits using FEA, however these studies have been limited to elastic 
material models and static loading. Considering the important effect of cyclic loading and plastic 
deformation around the pit on crack initiation as described in Section 1, in this study a 3D 
elastic-plastic FEA was conducted employing ABAQUS software to investigate the local stress 
and strain behaviour at the pit under fatigue loading.   
The details are summarised as follows. A specimen was modelled by a plate with thickness and 
length values of 3mm and 10mm respectively. A semi-elliptical pit with different geometries was 
created in the middle of the plate as shown in Table 4. Pit sizes were selected based on the as-
provided in-service data provided by the industrial sponsor (as collected using Non Destructive 
Testing (NDT) methods on production risers). To decrease the calculation time, only one-quarter 
of this plate was analysed under symmetry boundary conditions. A sinusoidal cyclic load was 
applied for ten cycles for a stress ratio of 0.1 and amplitude stress values of 90MPa, 146MPa, 
169MPa with the corresponding maximum stresses of 200MPa, 325MPa, 375MPa respectively 
(noting that these values are less than X65 steel cyclic yield strength of 420MPa). The combined 
Isotropic-Kinematic hardening elastic-plastic material model was utilised incorporating the 
cyclic true stress-strain curve of X65 steel that is published in the literature [37]. The C3D10 
element (i.e. a 10-node second-order tetrahedral element) has been used in this work to mesh the 
model. The finer mesh was defined around the pit to increase the accuracy of results. A mesh 
convergence study was implemented to ensure that the mesh was accurate and the maximum 
stress and strain in the pit region were not dependent on the mesh size. Figure 3 shows the finite 
element model of one-quarter of the test plate, utilised mesh, plane of applied load and planes of 
symmetry.  
 
Table 4: Simulated pit geometries taken from in-service data.  
Number 
Depth, a 
(mm) 
Aspect Ratio, 
a/2c 
Depth/Sample thickness, 
a/t 
 
1 0.15 0.1 0.05 
 
2 0.15 0.3 0.05 
3 0.15 0.54 0.05 
4 0.3 0.9 0.1 
5 0.45 1.3 0.15 
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(a) (b) 
 
(c) 
 
Figure 3: (a) Finite element model of 1/4 plate containing a pit, showing mesh (b) Local mesh 
around the pit. (c) Defined planes of symmetry boundary condition and applied load. 
 
3.2. Analytical method  
There is a framework of analytical methods, which were very popular in the 1970s and 1980s 
when computing power was low. Even with today’s available computation resource, these 
analytical methods are still a useful complement to FEA as the former offers quicker analysis 
and are also useful for parametric studies. Neuber developed a model to include the contribution 
of plastic strain in evaluating the notch stress and strain [38]. Glinka has also improved the 
calculation methods of the notch root strain by taking account of the plastic yielding around the 
notch root [39]. In this paper, the local stress and strain ranges at corrosion pits were calculated 
by simultaneously solving the material’s cyclic stress-strain relationship (Eq. 3) with either the 
Neuber’s rule (Eq. 4) [15,38] or the Glinka’s rule (Eq. 5) [15,39]. The required cyclic and 
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monotonic mechanical properties in these equations, i.e. nE , and K  , were taken from Table 2. 
The required stress concentration factor, Kt in Eq. 5, and fatigue notch factor, Kf in Eq. 4, were 
calculated using equations 6 and 7, where r was found by Eq. 8 [40]. The parameter in Eq. 7 is a 
material constant [40] that in this study equals to 0.226 mm. The results were compared with 
FEA results. It should be noted that advanced computational techniques such as elastic-plastic 
FEA can be a more powerful notch stress/ strain monitoring method [32].  
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The SWT equation [36] has been successfully applied to predict the crack initiation life [41]. The 
advantage of this model is that it allows consideration of the effect of mean stress on fatigue life. 
In the present study, following determination of the local stress and strain values by finite 
element simulations, the Smith-Watson-Topper equation (Eq. 9) [15,36] and the cyclic 
mechanical behaviour of X65 steel were utilised to predict fatigue life to the formation of a small 
crack under cyclic loading, i.e. Ni. In other words, the maximum stress at the pit and local strain 
range were taken from the FEA output and then inputted in equation 9 along with the material 
mechanical properties from Table 2. A MATLAB code was written to solve equations 3 to 9. In 
the SWT equation, mean stress effect is accounted for by the maximum stress term as shown in 
Eq. (9).  
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4. Results and Discussions  
4.1. Comparison between FEA and analytical methods 
To study the behaviour of a corrosion pit under cyclic loading, elastic-plastic FEA was carried 
out on a sample containing a pit under the cyclic load-controlled condition at the stress ratio of 
0.1 and different stress amplitudes.  Figure 4 presents calculated stress-strain hysteresis loops of 
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a node at the base of the pit in three different applied stress amplitudes for the pit with an aspect 
ratio of 0.54 (pit number 3 in Table 4).  The stable condition was reached in these loops, i.e. 
stress-strain loops no longer change shape from one cycle to another. This illustrates that the 
stress-strain hysteresis is fully elastic when the applied stress amplitude is less than 146 MPa and 
at higher applied stress amplitude a plastic deformation is seen at the first cycle but the stress-
strain response becomes linear in the following cycles. This cyclic plastic deformation process 
can lead to multiple crack initiation at the relevant locations in the pit [41]. The variation of local 
stress ratio across this pit cross-section is shown in Figure 5. Of particular note is that by 
increasing the applied stress value and maintaining the applied stress ratio at 0.1, the pit local 
stress ratio decreases from 0.1 to -0.2.  
  
(a) (b) 
 
(c) 
Figure 4: FEA delivered local Stress-strain curves for pit aspect ratio of 0.54 in a) applied stress 
amplitude 90 MPa, b) Applied stress amplitude 146 MPa, c) Applied stress amplitude 164 MPa 
 
To understand this local behaviour of stress-strain response, the plastic strain around the pit was 
investigated by elastic-plastic FEA. The plastic strain distribution around the pit in the first cycle 
is presented in Figure 6 for the same pit geometry. It is seen that for this pit morphology, plastic 
deformation is developed near the pit base when the applied stress amplitude is 146MPa or 
164MPa. Comparison of Figure 5 and Figure 6 reveals that where plastic strain occurs, the local 
stress ratio is decreased to a negative value, which means a compressive local stress has 
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developed at the unloading reversal. An explanation for this is that when the stress reaches the 
maximum value, the plastic area experiences tensile stress but when the stress reaches the 
minimum, compressive stress develops in the plastic zone because it is surrounded by an elastic 
region that acts as a constraint. This compressive stress reduces the mean stress and the local 
stress ratio. This mechanism can be confirmed by comparing Figure 5 (showing the local stress 
ratio for different applied stress) and Figure 6, showing that for higher applied stress, plastic 
deformation occurs and that it decreases the local stress ratio where plastic strain is observed. 
The results suggest that plastic deformation around the pit leads to a local compressive stress and 
a decreased local stress ratio. Collectively, these results are in line with previous studies on 
fatigue behaviour of notches [41] and provide an important insight in understanding the 
behaviour of corrosion pits under fatigue loading. The authors further note that the areas with 
stress ratio less than zero, which are under compression, are likely to be cathodic relative to the 
adjacent regions under tension (anodic). 
 
Figure 5: The local stress ratio variation along the pit cross-section for pit aspect ratio of 0.54. 
The maximum and minimum stress and strain at the pit were also calculated by Neuber’s rule 
and Glinka’s rule under the same cyclic loads and are compared with the hysteresis loop 
obtained from FEA in Figure 4. It is shown that as the applied stress increases, the difference 
between the stress or strain range obtained by FEA and analytical models increases. It also 
reveals that these two analytical models underestimate the stress range and strain range. Further 
analysis of data provided in Figure 4 (i.e. calculating the local stress ratio from three different 
methods) indicates that the local stress ratio from Neuber’s rule and Glinka’s rule calculated for 
all levels of applied stress are close to the local stress ratio obtained from FEA (Figure 7). 
Finally, Figure 7 appears to indicate that the Glinka approach shows a closer estimation to the 
FEA results at highest applied stress amplitude.  
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Figure 6: The plastic strain along the pit cross-section obtained by FEA in first cycle for pit 
aspect ratio of 0.54. 
 
 
Figure 7: Pit local stress ratio obtained by FEA, Neuber and Glinka’s rule for pit aspect ratio of 
0.54.  
 
4.2. Effect of pit geometry  
The effect of pit geometry on pit maximum stress in X65 steel under static load was studied in a 
previous study by the authors using FEA and the Neuber's rule [42]. In reviewing the literature, it 
became apparent that no previous study had been performed on FEA of corrosion pits under 
cyclic loading. To assess the effect of pit morphology on pit fatigue behaviour, the local stress 
ratio for different pit shapes was obtained using FEA. Figure 8 presents the relationship between 
pit aspect ratio and pit local stress ratio. There is a clear trend of decreasing pit local stress ratio 
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with increasing pit aspect ratio and applied stress, a result that is rather significant. It is clear that 
when the applied stress amplitude is low (90MPa), the local stress ratio remains the same as the 
applied stress ratio for all pit geometries, meaning that the pit geometry does not affect the local 
stress ratio at the pit when the applied stress is low. These results are likely to be related to 
plastic deformation around the pit. For lower pit aspect ratios and applied stress, no plastic 
deformation occurs, therefore, the local pit stress ratio remains the same as the applied stress 
ratio. By contrast, in the case of increasing pit aspect ratio and/or applied stress, plastic 
deformation increases resulting in lower local stress ratio and lower local mean stress. Taken 
together, these results suggest that there is an association between plastic deformation around the 
pit and the local stress ratio. To find the effect of pit geometry on local amplitude stress 
occurring at the pit, the relationship between pit aspect ratio and local maximum stress is shown 
in Figure 9. It is seen that for all levels of applied stress, pit geometry has a significant effect on 
local stress experienced in this area. However, it is also apparent that the rate of increase in local 
maximum stress decreases as the pit aspect ratio increases.  
 
Figure 8: relationship between local stress ratio and pit geometry with respect to applied stress. 
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Figure 9: Relationship between pit geometry and pit base local maximum stress.  
 
4.3. Crack initiation life 
The prediction approach used in this paper is to combine the elastic-plastic FE stress/strain 
analysis with material’s S-N data (or the Strain-Life data in case of higher applied load, e.g. in 
the low cycle fatigue regime). In this study, the strain-life data is expressed by the SWT 
equation. Main results are as follows.  
The Smith-Watson-Topper (SWT) approach (Eq. 9) was used to predict the fatigue life in terms 
of the initiation of a small crack of the order of 1mm at the pit under cyclic loading, i.e. crack 
initiation life, by replacing Nf with Ni and using the local stress and strain of the location where 
the maximum stress occurs when stress-strain loops become stable. This location was found to 
be on the pit wall for all the geometries by FE modelling. The crack initiation life, determined 
using a combination of FEA and SWT, is shown in Figure 10 (showing the effects of pit aspect 
ratio and applied stress).  It is shown that under the same applied stress, the pit with an aspect 
ratio of 1.3 is the most critical pit because of shorter crack initiation life. 
The Gerber equation (Eq. 2) and the S-N data for R= -1 in Figure 2 was also used to predict crack 
initiation life by using the local stress amplitude and the local mean stress obtained from the FEA 
at the location where the maximum stress occurs at the pit when the stress-strain loops become 
stable. Figure 10 presents these data.  
Comparing the two prediction approaches, Figure 10 shows that for the lower aspect ratio of 0.54 
the two methods give similar predicted life, whereas increasing the aspect ratio (higher local 
stress and strains) will increase the difference between the two predictive approaches. At a lower 
applied stress amplitude of 90MPa, the S-N approach predicts a longer crack initiation life than 
that by the SWT method, although it was expected to be the same values at this stress level as 
there is no plastic strain in all the pits. At two higher applied stress values, the S-N approach 
predicted shorter fatigue life.  
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The experimental results are reported in Table 5.  Predicted load cycles to crack initiation were 
compared with the experimental results of the pre-pitted samples, shown in Figure 11. Because 
the fatigue samples were thin, i.e. 3mm, the crack propagation life was short. Therefore in Figure 
11, the number of cycles to failure in experimental results was considered as the number of 
cycles to crack initiation. The local stress amplitude is at the pit base and is calculated by 
multiplying the applied stress amplitude with the stress concentration factor that was obtained 
from equation 6 for each pit geometry. As shown by Figure 11, the predicted lives of both 
prediction methods were in good agreement with the experimental results.  
 
Table 5: The number of cycles to failure for each pre-pitted sample. 
Sample Number fN  
1 292,691 
2 210,077 
3 377,358 
4 455,758 
 
Figure 10: Crack initiation life from different pit aspect ratios (AR) vs. applied stress amplitude 
using the prediction method combining FEA and SWT or FEA and theoretical S-N curve in 
Figure 2. 
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Figure 11: Comparison of predicted crack initiation lives with experimental tests.  
 
5. Conclusions 
A predictive method was proposed that combines finite element analysis (FEA) with material’s 
empirical fatigue laws to predict the time to crack initiation at corrosion pits. Based on the study, 
following conclusions can be drawn:  
- The X65 steel S-N curve was estimated based on the cyclic mechanical properties of this 
material and was validated by experiments.  
- Cyclic stress-strain analysis by finite element method can deliver the local stress and strain 
values at the stress concentration sites around corrosion pits.  
- The local hysteresis loops revealed that by increasing the applied stress value and 
maintaining the applied stress ratio at 0.1, the pit local stress ratio decreases from 0.1 to -
0.2. 
- Owing to the cyclic plasticity effect, local stress ratio at corrosion pit is considerably 
different from the applied stress ratio, depending on the pit geometry and applied stress 
level; cyclic plasticity will decrease the local stress ratio resulting in increased cyclic strain 
range and reduction in fatigue life.  
- The Glinka and Neuber’s approaches are alternatives to computationally expensive FEA 
and are shown to deliver the local stress and strain range to within 20% of the values 
predicted using FEA. 
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- For all levels of applied stress studied in this work, pit geometry has a significant effect on 
the pit local stress. However, as the pit aspect ratio increases the rate of increase in the local 
maximum stress decreases.   
- Fatigue crack initiation life induced from corrosion pits can be predicted by using the pit 
local stress and strains in conjunction with the material’s stress vs. life or strain vs. life 
relationship. The strain-life approach allows accounting for the effect of cyclic plasticity. 
- The predicted fatigue lives to crack initiation from the corrosion pits were in good 
agreement with the experimental results.   
- Since the difference between the applied stress ratio and pit local stress ratio is found to be 
associated with the amount of cyclic plastic deformation around the pit base, this study 
suggests the development of cathodic or anodic regions in the corrosion pits based on the 
local stress ratio, which may describe mechano-electrochemical effects on the corrosion 
pits.  
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